Reinforcement of pre-zygotic isolation can result when any of several kinds of selection act against hybrids. This paper investigates the situation where hybrids are selected against for ecological reasons, for example when there is no niche for individuals that are phenotypically intermediate between the parental species. The calculations here show how much ecological selection can lead to the reinforcement of a female mating preference or an assortative mating trait that is expressed in both sexes. The model allows for the ecological trait to be a¡ected by any number of loci, but assumes that selection is weak and the introgression rate small. The e¡ect of selection against hybrids increases rapidly as the di¡erence between the mean phenotypes of the two populations increases. When genetic variation in the ecological trait is caused by many loci, stabilizing selection on it further contributes to reinforcement.
INTRODUCTION
Reinforcement is the strengthening of pre-zygotic isolation caused by selection against hybrids (Dobzhansky 1940 ). An unanswered question is how the mechanism of hybrid un¢tness might a¡ect the outcome of reinforcement. In some organisms, hybrids have low ¢tness because interactions between alleles from the parental species reduce fertility or cause problems in early development (Dobzhansky 1937; Muller 1942) . In others, interspeci¢c hybrids are physiologically viable and fertile, but they have low ¢tness because they are poorly matched to local ecological conditions (Schluter 1998) . For example, sometimes there simply is no niche for individuals that are phenotypically intermediate between the two hybridizing species.
Stickleback ¢shes living in small glacial lakes in western Canada illustrate this latter situation. There are two ecological forms, namely a benthic species and a limnetic species, that are adapted to foraging near the shore and in open water, respectively. Hybrids, which are morphologically intermediate, grow more slowly than the benthic morph in near-shore habitats and also than the limnetic morph in open water (Hat¢eld & Schluter 1999) . Analogous forms of selection against hybrids that are phenotypically and ecologically intermediate between their parental species may be common in many groups of animals and plants (Schluter 1998) .
This paper develops a population genetic model for the purpose of quantifying how much this kind of ecological selection against hybrids will enhance reproductive isolation through reinforcement. The main aim is to determine what features of the ecological landscape and the underlying genetics a¡ect the outcome. To do that, I will consider reinforcement in a population that is hybridizing with migrants that arrive from elsewhere. The model also applies to two sympatric populations when there is oneway hybridization. The motivation for focusing on these situations is that they are easier to model than those involving two reciprocally hybridizing species.
The next section begins by outlining the genetic assumptions for a class of models of reinforcement. It then brie£y reviews earlier theoretical results for the amount of reinforcement expected under two types of pre-zygotic isolation, female mating preferences and assortative mating. Those results in turn depend on the intensity of hybrid incompatibility and set the stage for this paper, which ¢nds expressions for the intensity of hybrid incompatibility when hybrid un¢tness is caused by selection against ecological intermediates.
THE MODEL
The genetic model is of an organism with a haploid genome. There can be any number of loci contributing genetic variation to the ecological trait and to the characters involved in pre-zygotic isolation (for example, a female mating preference). Two alleles segregate at each of these loci and the phenotypic e¡ect of replacing one allele by the other at locus j is denoted g j . No assumption is made about the distribution of e¡ects that these loci have or about the recombination rates between them. The means of the ecological trait at birth in the focal population and in the migrants are given as E and E', respectively. The phenotypic variance of the ecological trait, which may include a random environmental component, is ' 2 E . The population receives migrants at a rate m. If the model is being applied to two species in sympatry, then m is the rate at which individuals of the other species hybridize with the focal species and all their hybrid descendants are assumed to mate with the focal species only. The model applies equally to species that are in secondary contact and to the last stages of sympatric speciation. I will assume that migration occurs before selection in each generation, but the results can be extended to the reverse sequence of events (Kirkpatrick & Servedio 1999) .
The approach that I follow here uses the`quasi-linkage equilibrium' approximations developed by Barton & Turelli (1991) . The key assumption for the results that follow is that the linkage disequilibria are small relative to their maximum possible values. That implies that migration is weak and that the selection coe¤cients for individual alleles and groups of alleles are small (see Kirkpatrick & Servedio 1999) . However, qualitatively di¡erent results can emerge if individual genes have very large e¡ects on ¢tness .
(a) Reinforcement under two kinds of pre-zygotic isolation
This section brie£y reviews previous results on the amount of reinforcement that occurs in two situations, namely when pre-zygotic isolation is based on a female mating preference and when it depends on an assortative mating trait. Kirkpatrick & Servedio (1999) studied the case of a mating preference. Genetic variation in the preference and the male trait it acts on is assumed to be caused by any number of genes with additive e¡ects. The model applies to any kind of female preference, which is simply viewed as a trait that in some way biases a female's choice of mate. The mating preference genes are assumed to be free of direct natural selection. The general result for the amount of reinforcement at equilibrium is quite complicated, but it simpli¢es greatly when stabilizing selection on the male trait is weak and the preference loci are unlinked to loci causing hybrid un¢tness.
Under those conditions, at equilibrium the amount by which the average preference in the population will di¡er from that in the migrants is
when m 4 0. The new quantities appearing here are &, the phenotypic correlation between the female preference and the male trait among mating pairs, h 2 P , the heritability of the preference, h 2 T the heritability of the male trait, D T , the di¡erence between the average male trait in the two populations and I, the intensity of selection against hybrid incompatibility (which is described further below). The correlation & can be calculated for any kind of preference; Hall et al. (2000) calculate & for three speci¢c preference functions. The quantities D P and D T are measured in units of their phenotypic standard deviations, for example D T (T À T H )a' T , where T and T ' are the means of the male trait at birth among the residents and migrants, respectively and ' T is the phenotypic standard deviation of the male trait in the focal population. Equation (1) slightly generalizes Kirkpatrick & Servedio's (1999) equation (22) in order to include the migration term, which they assumed to be negligible.
A second kind of pre-mating isolation is caused by assortative mating. In this case, there is a single trait expressed by both males and females that in£uences their probability of mating. Flowering time in plants is a good example: early-£owering plants fertilize other early£owering individuals more frequently than they fertilize late-£owering individuals. studied reinforcement under assortative mating. The model assumes that there is some pre-existing mechanism that causes a correlation between the phenotypes of mating individuals for a trait in£uenced by additive genes. Reinforcement occurs when the mean values of the assortment trait diverge in the two populations.
At equilibrium, the di¡erence between the means of the assortment trait in the residents and the migrants is
when m 4 0 (see equations (3) and (4) in . Here, h 2 A is the heritability of the assortment trait and Á A is the number of phenotypic standard deviations between the local optimum for the assortment trait and its mean value among migrants: Á A ( A À e H )/' A . The stabilizing selection gradientG A , which is negative, measures the intensity of selection favouring A , the assortment trait optimum (the value of the assortment trait that maximizes lifetime ¢tness). This gradient is de¢ned as the regression of relative ¢tness onto the squared deviation of an individual's phenotype from the population mean (Lande & Arnold 1983) . It has been standardized here (made non-dimensional) by multiplying it by the assortment trait's phenotypic variance ' 2 A . As with the previous result for a mating preference, equation (2) has been simpli¢ed from a more general expression by assuming that stabilizing selection is weak and that the genes for the assortment trait are unlinked to those causing post-zygotic isolation (see Appendix A in .
In cases of both a female mating preference (equation (1)) and an assortment trait (equation (2)), reinforcement is enhanced by larger values of hybrid incompatibility, which is represented by I. What exactly is that quantity? It is the e¡ect of selection on all genes other than those a¡ecting pre-zygotic isolation (e.g. the preference and male trait or the assortment trait) on reinforcement. Quantitatively, it is de¢ned as
(see equation (17) in Kirkpatrick & Servedio 1999 ). The summation is taken over all loci and sets of loci U in the genome H that a¡ect hybrid ¢tness, exclusive of those involved in pre-zygotic isolation. The selection coe¤cient s U , which represents the force of selection acting on the loci in set U, can be calculated for any form of selection as described by Barton & Turelli (1991) (see also Appendix B in Kirkpatrick & Servedio 1999) . The quantities p j ' and p j are the allele frequencies at locus j among migrants and in the local population, respectively. The recombination rate r iU is the probability that recombination breaks apart the loci in the set that includes U and i, where i represents any of the loci responsible for the mating preference or the assortment trait and U represents a set of one or more of the loci a¡ecting hybrid incompatibility. (For example, if U is the single locus j, then r Ui is the standard two-locus recombination rate r ij between loci i and j.) Equation (3) is based on an approximation that assumes that the focal population and migrants are in quasi-linkage equilibrium (see Appendix C in Kirkpatrick and Servedio 1999) . The goal of this paper is ¢nally in view: it is to determine the value of I generated by selection on an ecological trait. To do that, I will assume that genes a¡ecting the ecological trait have additive e¡ects and that they are unlinked to each other and to the loci causing pre-zygotic isolation. Under these assumptions, the selection coe¤cients and recombination rates that appear in equation (3) have simple forms. However, the summations and the expressions for the allele frequencies can still be fairly complicated. I will therefore focus on two extreme cases that simplify the results even further: when genetic variation in the ecological trait is caused by a single locus and when it is caused by a large number of loci of approximately equal e¡ect. The results are expressed ¢rst in terms of the phenotypic di¡erences between the hybridizing populations and then in terms of the di¡erences between their ecological niches.
(b) The intensity of hybrid incompatibility in terms of phenotypic di¡erences
Consider the situation where a single locus underlies the ecological trait. The locus is ¢xed for one allele among the immigrants, but a di¡erent allele has a relative ¢tness advantage s in the local population. Haldane (1930) showed that the locally favoured allele will reach an equilibrium frequency of 17m/s. For polymorphism to be maintained, m must be smaller than s or the locally adapted allele will be lost by the swamping e¡ect of gene £ow from the migrants. (In the present model, selection on other loci will cause deviations from that value. However, those deviations will be second order under the earlier assumptions that selection and migration are weak and so they can be neglected.) Putting together those facts and equation (3) shows that the intensity of selection against hybrid incompatibility is
This simple result carries the message that reinforcement increases as a linear function of the strength of selection favouring the allele for the ecological trait that is adapted to the local conditions. On the other hand, increasing the migration rate decreases the intensity of selection against hybrid incompatibility. This is because more migration causes the two populations to become more genetically similar, thereby decreasing the opportunity for selection to distinguish between residents and hybrids. Equation (4) assumes that there is free recombination between the ecological trait locus and the loci a¡ecting pre-zygotic isolation (which implies that r iU in equation (3) equals 0.5). However, the e¡ect of other recombination rates can be easily found (see Kirkpatrick & Servedio 1999, p. 873) . Tighter linkage between the ecological trait locus and a locus that a¡ects pre-zygotic isolation enhances reinforcement.
The intensity of hybrid incompatibility I can also be expressed in a form that relates more directly to phenotypic data. The selection coe¤cient s in equation (4) can be rewritten as s % g E /' E , where E is the intensity of directional selection on the ecological trait, which is de¢ned as the product of ' E and the (linear) regression of lifetime relative ¢tness onto the trait value (Lande & Arnold 1983) . At a migration^selection balance, it can be shown that E mD E /h 2 E , where D E is the di¡erence between the means of the ecological trait in the two populations (measured in phenotypic standard deviations) and h 2 E is the ecological trait's heritability in the focal population.
The di¡erence in allele frequencies in equation (3) can be written as (p H À p) ÀD E ' E /g. These results give
This shows that reinforcement increases rapidly (as the square) with D E , the di¡erence between the means of the ecological trait in the two populations. This is sensible because a large di¡erence implies that hybrid o¡spring will be poorly adapted to the local ecological conditions. Reinforcement is also enhanced with larger values of the introgression rate m and small values of the heritability h 2 E . However, the heritability will generally depend on m and D E . I decreases as m increases in equation (4), while in equation (5) it seems to do the reverse. However, D E , the di¡erence between the trait means that also appears in equation (5), decreases as m grows, so in fact both results lead to the conclusion that selection against hybrid incompatibility declines as migration increases. The next section ¢nds an expression for I that does not involve D E .
Equations (4) and (5) apply when genetic variation in the ecological trait is caused by a single locus. Another genetic possibility is the situation where the trait is polygenic. I will now assume that genetic variation is caused by a large number of genes of approximately equal e¡ect, that the phenotypic distribution is symmetric and that the ¢tness function is relatively smooth (speci¢cally, that its third and higher derivatives are small over the range of phenotypic variation). These assumptions simplify the selection coe¤cients that appear in equation (3) (Kirkpatrick & Servedio 1999) .
Appendix A uses those results in order to ¢nd that the intensity of hybrid incompatibility caused by a polygenic ecological trait is
Comparing this result with equation (5), we see that an extra term involving stabilizing selection appears when there are many loci underlying the ecological trait. The selection gradientG E is negative when stabilizing selection is acting on the ecological trait and is positive when there is disruptive selection. Thus, equation (6) shows that stronger stabilizing selection leads to stronger reinforcement. An appealing feature of equations (5) and (6) is that, in principle, all of the quantities that appear in them can be estimated from phenotypic data. If those parameters can be estimated (and if the assumptions of the model are met) then the value for I that they produce can be substituted into equations (1) or (2) in order to determine how much selection against ecologically incompatible hybrids is contributing to reinforcement.
(c) The intensity of hybrid incompatibility in terms of niche di¡erences
The previous result focused on D E , the di¡erence between the means of the ecological trait in the two populations. That di¡erence depends on the balance between introgression and selection acting on the focal population. An alternative way of expressing the results is in terms of the di¡erence between the mean phenotype of Reinforcement during ecological speciation M. Kirkpatrick 1261 the immigrants and the local ecological optimum. If the population from which the immigrants arrive is at its ecological optimum, then this new measure re£ects the di¡erence between the niches of the immigrants and the local population.
In order to take this approach we need to make the additional assumption that the strength of stabilizing selection is independent of the mean phenotype. (In other words, the curvature of the log of ¢tness is constant, which implies that the ¢tness function is proportional to a Gaussian distribution.) Then the intensity of directional selection towards the local ecological optimum is E 2G E (E À E )/' E , where E is the value of the ecological trait that maximizes lifetime ¢tness. With that result and equation (6), we ¢nd that, when variation in the ecological trait is caused by many loci, then the intensity of hybrid incompatibility is
where Á E ( E ÀE H )/' E . In e¡ect, Á E re£ects the di¡erence between the niches of the two populations. If the mean trait value among migrants is at the ecological optimum for their population, then Á E is the di¡erence between the optimal phenotypes for the two populations, which is measured in phenotypic standard deviations. Equation (7) shows that the intensity of selection on hybrid incompatibility grows rapidly as the di¡erence Á E between the niches grows: I is proportional to the square of Á E . Analysis shows that I also grows with the intensity of stabilizing selectionG E . When the hybridization rate is su¤ciently small (m 5 72h 2 EGE /3), the intensity of hybrid incompatibility increases with m and decreases with h 2 E . These conclusions assume that all else is equal, but some parameters (such as heritability) will of course be in£u-enced by others (such as migration and the intensity of stabilizing selection).
If only a single locus contributes variation to the ecological trait, then the second term inside the parentheses in the numerator of equation (7) disappears. This again shows that stabilizing selection acting on polygenic traits contributes to reinforcement.
DISCUSSION
These results show how much selection against ecological traits in hybrids will enhance the reinforcement of pre-zygotic isolation between two populations. The answer is phrased in terms of a quantity I, which I refer to as the intensity of selection against hybrid incompatibility. Qualitatively, the basic trends are what one expects intuitively: reinforcement is strengthened by larger di¡erences between the mean phenotypes of the two species and by stronger stabilizing natural selection around the local ecological optimum. Other e¡ects are perhaps less intuitive: for example, reinforcement is stronger when there are many loci contributing to the ecological trait than when there is just a single locus.
A quantity that is strangely absent from the expressions for I is the ¢tness of the F 1 hybrids. That is, the depth of the adaptive valley between the species does not appear explicitly in the results for the intensity of selection against hybrids. In fact it does appear, but in a cryptic form. If the ¢tness function has the simple shape of two peaks connected by a smooth valley, then the ¢tness of F 1 s is approximately proportional to the product Á 2 EGE . That quantity appears in equation (7), so we can interpret I as indeed depending on the ¢tness of the F 1 hybrids.
The assumptions used in the model developed here are restrictive in several ways, and it would be helpful to understand what happens when they are relaxed. The model assumes haploidy. One expects that the conclusions also apply to diploids when there is no dominance. However, we currently have no analytic results to suggest what happens when any of the alleles involved in reinforcement show strong dominance. A second situation for which it would be useful to have analytic results is when there is two-way hybridization. The simulations of Servedio (2000) suggested that reinforcement might be easier when there is reciprocal introgression. The basic reason for this is that alleles that increase pre-zygotic isolation are not simply diluted out of each population by immigration: they themselves can emigrate to the other population and then return, making it less likely they will be lost.
The intensity of hybrid incompatibility has also been calculated for the situation where epistatic incompatibilities between the two species reduce fertility or cause problems in early development (Kirkpatrick & Servedio 1999) . Because the quantities involved in that case are di¡erent from the ones studied here, it is di¤cult to draw general conclusions about the relative contributions that these two mechanisms might make towards reinforcement.
Empirical data are therefore needed in order to evaluate their relative importance. The models point to the quantities about which we need more information. When reinforcement is caused by selection against ecological intermediates, we need to know the di¡erence between the mean trait values for the hybridizing species, the heritabilities, the strength of stabilizing selection and the frequency of hybridization. When reinforcement is caused by selection against epistatic incompatibilities that disrupt development, we need to know the number of epistatic sets of genes, the number of loci within each set and the strength of selection against discordant combinations of alleles in each set (Kirkpatrick & Servedio 1999) . Until those kinds of data become available, it will be di¤cult to have any idea about which type of selection against hybrids is the more powerful driving force behind reinforcement in natural populations.
I am very grateful to S. Otto, D. Schluter, M. Servedio, M. Whitlock and two anonymous reviewers for discussion and comments and to the National Science Foundation for support from grant DEB-9973221.
APPENDIX A
This appendix derives the result for the intensity of hybrid incompatibility I when genetic variation in the ecological trait is caused by many loci of approximately equal e¡ect. When the phenotypic distribution is symmetric and when third and higher derivatives of the ¢tness function are small, the selection coe¤cients appearing in equation (3) are 
